Background--Myocarditis is an important cause of acute and chronic heart failure. Men with myocarditis have worse recovery and an increased need for transplantation compared with women, but the reason for the sex difference remains unclear. Elevated sera soluble (s)ST2 predicts mortality from acute and chronic heart failure, but has not been studied in myocarditis patients.
I
n spite of advances in diagnosis and treatment, heart failure remains a growing medical problem associated with hospitalization and high mortality. 1, 2 Myocarditis is an important cause of acute death and chronic heart failure with an estimated worldwide prevalence of 0.5% to 4.0%. 3, 4 Biopsyproven myocarditis has been reported to occur in up to 16% of adult patients with unexplained nonischemic cardiomyopathy. 5 Men have worse recovery from acute dilated cardiomyopathy (DCM) following suspected myocarditis with an increased need for transplantation compared with women, 6 but the reason for the sex difference remains unknown. We have previously shown in an autoimmune model of coxsackievirus B3 (CVB3)-induced myocarditis that male mice develop more severe inflammation compared with females and progress to DCM. 7, 8 Historically, sera soluble interleukin-1 receptor-like 1 (IL1R1 also known as ST2) has not been considered to be a diagnostic marker for heart failure, yet elevated levels predict acute and chronic heart failure mortality regardless of cause. 9 When combined with N-terminal pro-brain natriuretic peptide, sera sST2 levels provide additive value in predicting sudden death in patients with heart failure and left ventricular (LV) systolic dysfunction with a LV ejection fraction (LVEF) ≤45%. 10 Recently, sST2 was found to independently predict all-cause mortality and heart failure hospitalization in patients with chronic heart failure. 11 In patients with New York Heart Association (NYHA) class III or IV heart failure, change in sera sST2 levels over time predicts subsequent mortality and the need for transplantation. 12 Elevated sera sST2 values have also been significantly correlated with LVEF and NYHA class. 12, 13 The ST2 gene encodes 4 isoforms of ST2 by alternative splicing: ST2L, a transmembrane receptor for interleukin (IL)-33; sST2, a secreted soluble form of ST2; ST2V, a variant of ST2 found in the gut; and ST2LV, which is secreted by the eye, heart, lung, and liver. 14, 15 sST2 is a cytokine induced by biomechanical strain in cardiac fibroblasts, cardiomyocytes, and vascular endothelial cells that binds IL-33, thereby inhibiting its effect. 9, 16 The IL-33/ST2 signaling pathway is regulated by Toll-like receptor 4 (TLR4), caspase-1, and IL-1b in CD11b+ immune cells. 15, 17, 18 We previously showed that testosterone increases TLR4 and IL-1b expression on CD11b+GR1+F4/ 80+ macrophages and CD11b+CD117+ mast cells in male BALB/c mice with myocarditis. 7, 8, 19 We also demonstrated that men with myocarditis have higher CD11b expression in the heart compared with women. 7, 8, 20 Although serum sST2 is known to predict progression to acute and chronic heart failure, there are currently no studies describing whether it has a role in predicting heart failure in patients with myocarditis.
Methods

Transparency and Openness
The authors will make the data and analytic methods used to conduct the research for clinical and animal studies available to any researcher for purposes of reproducing the results or replicating the procedure. However, the authors will not make the materials available to other researchers.
Patients With Myocarditis
Adult patients with myocarditis (n=303) were identified from existing registries/biobanks in the United States, Germany, Korea, and the Czech Republic. Patient demographics are described in Table. Criteria for inclusion in the study included a diagnosis of clinically suspected myocarditis according to the 2013 European Society of Cardiology position statement and heart failure symptoms of <6 months duration. 21 Sera were collected at each site during the patient's first visit (baseline). Cardiac function was assessed for all subjects at each site using echocardiography and/or cardiac magnetic resonance imaging. Heart failure symptoms were categorized by NYHA classification. Sera samples were stored at À80°C locally and sST2 was analyzed by ELISA at each site. BNP/Nterminal pro-brain natriuretic peptide levels were not available for most (%90%) patients in the study. Testosterone, 17b-estradiol, and menopause status were not available for any of the patients. Sera from control subjects who did not have cardiovascular disease were analyzed for sST2 levels at the University of Oklahoma Health Sciences Center. Marburg were included within Subproject 9 of the German Competence Network Heart Failure, which conformed to the principles outlined in the Declaration of Helsinki and was approved by the German Heart Failure Network and the local ethics committee. Informed and written consent was obtained from all patients. Age 50 years was chosen for analyzing the effect of age in women because we did not have information on menopause status and this age is often used as a surrogate when menopause status is not known. [22] [23] [24] We examined data
Clinical Perspective
What Is New?
• Men with myocarditis have worse recovery than women and we show that sera soluble ST2 is increased in men with myocarditis and this increase is associated with worse heart failure based on New York Heart Association class in men ≤50 years of age, but not in women.
What Are the Clinical Implications?
• Sera soluble ST2 has been found to be clinically useful as a sera biomarker to predict heart failure, and our findings indicate that sera soluble ST2 levels could be added to current biomarkers used to diagnose patients with myocarditis but should be interpreted according to sex and age.
according to age in men because we analyzed data in that manner for women. Additionally, age <50 years has been used in the literature to define young patients in the context of cardiovascular disease.
25,26
Mouse Model of Myocarditis
Male and female BALB/c (6-8 week old) mice were obtained from the Jackson Laboratory (Bar Harbor, ME), fed standard chow, and housed with corncob bedding in animal rooms where temperature was monitored. Mice were maintained under pathogen-free conditions in the animal facility at the Johns Hopkins School of Medicine. Approval was obtained from the Animal Care and Use Committee of Johns Hopkins University and Mayo Clinic for all procedures. Mice were inoculated intraperitoneally with 10 3 plaque-forming units of a heart-passaged stock of CVB3 diluted in PBS or PBS alone (controls) on day 0 and myocarditis examined at day 10 postinfection. 27 Knowledge of which mice were infected with CVB3 versus PBS controls was necessary so that samples could be handled safely by the researcher because CVB3 is a BSL2 pathogen. Individual experiments were conducted 2 to 4 times with 8 to 10 mice per group. Mice were randomly assigned to groups using simple randomization. Myocarditis was assessed histologically as the percentage of the heart section with inflammation compared with the overall size of the heart section. Analysis of samples was blinded to the researcher using a code. No deaths of mice occurred in any of the experiments reported in this article prior to harvest. 29 Mice were allowed 2 weeks to recover from the operation before myocarditis was induced. Mice received CVB3 on day 0 and hearts and sera were obtained at day 10 postinfection during acute myocarditis.
Gonadectomy and Ovariectomy
Mouse Model of Cardiac Function
Cardiac function was assessed in mice using a pressurevolume catheter (1.2F Scisense Inc, London, Ontario) placed in the left ventricle via the apex in open-chest mice anesthetized with 3% isoflurane, as previously described.
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Histology
Mouse hearts were cut longitudinally, fixed in 10% phosphatebuffered formalin, and embedded in paraffin for histological analysis. Five-micron-thick sections were stained with hematoxylin and eosin to detect myocardial inflammation. Myocarditis was assessed as the percentage of the heart section with inflammation compared with the overall size of the heart section using an eyepiece grid at low power (925), as described previously.
8,31
ELISAs
The US Food and Drug Administration-approved Critical Diagnostics human sST2 ELISA kit was not available when the study began, so all clinical sites used the human R&D Systems sST2 
IL-1b Treatment
Male BALB/c mice received 0.1 mL PBS or recombinant mouse rIL-1b/IL-1F2 (R&D Systems, Cat#401-ML, 7.8 ng/0.1 mL diluted in PBS) intraperitoneally every other day from day 1 to 9 postinfection following infection with CVB3 on day 0. Sera were collected on day 10 postinfection for analysis of sST2 levels.
Statistical Analysis
Clinical data are expressed as jitter scatter plots, so that each patient's sST2 value can be visualized, and bar graphs depict meanAESEM. Clinical data were adjusted for multiple sites using linear regression analysis. Two-group analysis of normally distributed data were performed using Student t test. The Mann-Whitney rank test was used to evaluate nonparametric data comparing 2 groups. Multiple comparisons were analyzed by 1-or 2-way ANOVA. Post hoc pairwise comparisons were calculated using Sidak's or Tukey's multiple comparisons test. Associations were analyzed using Pearson's correlation and adjusted for multiple sites using linear regression analysis for clinical data. A value of P<0.05 was considered significant. Power calculations for sex differences in sST2 levels in patients with myocarditis were limited by the number of retrospective samples that were available in biorepositories. Power calculations for sex differences in sST2 levels in mice with myocarditis are not provided because no studies of sST2 levels in mouse models of myocarditis exist to base a power calculation on.
Results
Sera sST2 Is Elevated in Healthy Men and Men With Myocarditis Compared With Women
Patient demographics are described in Table. We found that sera sST2 levels were significantly increased in healthy men compared with healthy women (data were obtained from 1 site) (7.9AE0.9 versus 12.8AE0.9, P=7.6910 À6 ) ( Figure 1A ). Among Figure 1 . Sera sST2 elevated in healthy men and men with clinically suspected myocarditis compared with women. Soluble ST2 (sST2) in sera of (A) healthy men and women (n) with no known cardiovascular diseases (1 site). Data are shown as jitter scatter plots and meanAESEM and P values were calculated using a 2-way Mann-Whitney rank test. B, Men and women with clinically suspected myocarditis with symptom duration <6 mo (multiple sites) were determined by ELISA. Data are shown as jitter scatter plots, and meanAESEM and P values were calculated after adjusting for multiple sites using linear regression analysis. Figure 2 . Sera sST2 elevated in men with biopsy-confirmed myocarditis. Soluble ST2 (sST2) in sera of men and women with biopsy-confirmed myocarditis were determined by ELISA. Data are shown as jitter scatter plots, and meanAESEM and P values were calculated after adjusting for multiple sites using linear regression analysis.
patients with clinically suspected myocarditis and symptom duration <6 months, men had significantly higher sera levels of sST2 than women (n=303, 14.1AE1.5 versus 20.2AE1.0, P=0.004) ( Figure 1B ). In a subset of patients with biopsyconfirmed myocarditis and symptom duration <6 months, sera sST2 levels were significantly higher in men than women (n=265, 13.3AE1.7 versus 19.6AE1.0, P=0.006) ( Figure 2 ). There was no significant difference in sST2 levels when clinically suspected myocarditis ( Figure 1B ) was compared with biopsy-confirmed myocarditis ( Figure 2 ) in women (P=0.17) or men (P=0.12). Analyses of sST2 were performed with R&D Systems kits because the US Food and Drug Administration-approved Critical Diagnostic kit was not available when the study was initiated. For a subset of samples obtained from 1 site we examined sST2 levels using both kits. We found a high correlation between sera sST2 levels when the values were compared between the kits (n=21, r=0.7422, P=0.0001) ( Figure 3A ). The average sST2 value for the R&D Systems kit was 19.45 ng/mL while the Critical Diagnostics kit was 48.39 ng/mL for the same samples ( Figure 3B ). This is a factor of 2.488. Thus, based on this factor, women with clinically suspected myocarditis in our study ( Figure 1B ) are estimated to have a value around 35.2 ng/mL and men a value around 50.1 ng/mL if the Critical Diagnostics kit had been used. Data are shown as jitter scatter plots, and meanAESEM (n) and P values were calculated after adjusting for multiple sites using linear regression analysis. Two-way ANOVA P values indicate interaction between sex and age (P=0.41), sex and sST2 (P=0.005), and age and sST2 (P=0.25).
Sera sST2 Is Elevated in Men With Myocarditis ≤50 Years Old
In this study, the male-to-female ratio was 3.5:1 among patients with myocarditis. Men comprised 236 of the 303 patients in the study (78%) ( Table) , and 193 (64%) of the men were ≤50 years old (Figure 4 ). In contrast, only 67 (22%) of the 303 patients were women and of these 8 (12%) were ≤50 years old (Figure 4) . In patients who were ≤50 years old, sera sST2 levels were significantly higher in men compared with women (12.2AE2.1 versus 20.0AE1.0, P=0.004) (Figure 5 ). In contrast, there was no statistically significant difference in sST2 levels between men and women >50 years old (16.4AE2.2 versus 20.7AE2.2, P=0.21) ( Figure 5 ).
Sera sST2 Is Not Significantly Altered in Myocarditis Patients With LVEF ≤45%
We found that sST2 levels in patients with clinically suspected myocarditis were not significantly associated with LVEF ≤45% when men and women were combined (17.8AE1.1 versus 20.3AE1.4, P=0.15) ( Figure 6A ). sST2 levels were also not higher in men with clinically suspected myocarditis with a LVEF ≤45% compared with women (16.3AE2.4 versus 21.6AE1.7, P=0.14) ( Figure 6B ). sST2 levels were higher in men with clinically suspected myocarditis with a LVEF >45% compared with women (13.0AE2.3 versus 18.9AE1.2, P=0.03) ( Figure 6B ), similar to men without heart disease ( Figure 1A ). sST2 levels Figure 6 . Sera sST2 levels in men and women with clinically suspected myocarditis based on LVEF. A, Soluble ST2 (sST2) levels in patients with clinically suspected myocarditis (men and women combined) based on a left ventricular ejection fraction (LVEF) > or ≤45%. Data are shown as jitter scatter plots, and meanAESEM and P value calculated after adjusting for multiple sites using linear regression analysis. B, Sera sST2 levels in patients with myocarditis according to sex and LVEF. Data are shown as jitter scatter plots meanAESEM (n), and P values were calculated after adjusting for multiple sites using linear regression analysis. Two-way ANOVA P values indicate interaction between LVEF and sex (P=0.88), LVEF and sST2 (P=0.15), and sex and sST2 (P=0.008). Figure 7 . Sera sST2 levels in men and women with biopsyproven myocarditis based on LVEF. A, Soluble ST2 (sST2) levels in patients with biopsy-proven myocarditis (men and women combined) based on a left ventricular ejection fraction (LVEF) > or ≤45%. Data are shown as jitter scatter plots, and meanAESEM and P value calculated after adjusting for multiple sites using linear regression analysis. B, Sera sST2 levels in patients with myocarditis according to sex and LVEF. Data are shown as jitter scatter plots and meanAESEM (n) and P values were calculated after adjusting for multiple sites using linear regression analysis. Two-way ANOVA P values indicate interaction between LVEF and sex (P=0.92), LVEF and sST2 (P=0.27), and sex and sST2 (P=0.01).
also did not vary significantly according to LVEF ≤45% in patients with biopsy-confirmed myocarditis (Figure 7) . Additionally, sST2 levels did not differ significantly by LVEF ≤45% when data were analyzed according to sex and age (Figure 8 ).
Sera sST2 Is Significantly Higher in Men
With Myocarditis and Correlates With NYHA Class III-IV Heart Failure Sera sST2 levels were significantly higher in patients with clinically suspected myocarditis with NYHA class III-IV heart failure compared with NYHA class I-II (17.3AE0.9 versus 21.8AE1.9, P=0.005) (Figure 9A ), and in men with NYHA class III-IV heart failure (15.2AE2.7 versus 24.3AE2.4, P=0.04) compared with women ( Figure 9B ). Sera sST2 levels were also significantly higher in patients with biopsy-proven myocarditis with NYHA class III-IV heart failure compared with NYHA class I-II (17.3AE0.9 versus 21.8AE1.9, P=0.002) ( Figure 10A ). The increase in sST2 in men compared with women with NYHA class III-IV heart failure was also observed in patients with biopsy-proven myocarditis (13.9AE1.0 versus 24.4AE2.5, P=0.03) ( Figure 10B ). sST2 levels correlated to NYHA class in men and women with clinically suspected or biopsy-proven myocarditis (P<0.0001) ( Figures 9C and 10C) ; however, the associations were not significant in women (P=0.10 and 0.08, respectively) ( Figures 9D and 10D ) but significant in men (P<0.0003 and <0.0001, respectively) ( Figures 9E and 10E ).
Sera sST2 Correlates With NYHA Class III-IV Heart Failure in Men ≤50 Years Old With Myocarditis Sera sST2 levels were significantly higher in myocarditis patients with NYHA class III-IV heart failure who were ≤50 years old (16.9AE1.0 versus 23.3AE2.5, P=0.002), but not in patients older than age 50 years old (19.0AE2.4 versus 18.7AE2.5, P=0.69) (Figure 11A and 11C) . sST2 levels correlated to NYHA class in myocarditis patients who were ≤50 years old (P=0.0006) ( Figure 12A ). However, there was no significant association in women ≤50 years (P=0.57) ( Figure 12B ). In contrast, there was a significant association between sST2 levels and NYHA class in men who were ≤50 years of age (P=0.0004) ( Figure 12C ). sST2 levels were not significantly associated with NYHA class in men or women with myocarditis who were older than age 50 years ( Figure 12D through 12F) .
Increased sST2 Levels in Male Mice With Myocarditis Correlate With Myocardial Inflammation and Poor Heart Function
Male BALB/c mice with CVB3-induced myocarditis had significantly increased sera sST2 levels compared with females (n=10/group, P=0.005) ( Figure 13A ). PBS-inoculated male and female control mice did not develop myocarditis and had undetectable serum levels of sST2 (data not shown). Serum sST2 levels correlated with cardiac inflammation in mice with CVB3-induced myocarditis (r=0.3259, P=0.04) (Figure 14) . Serum sST2 levels were also associated with multiple metrics that reflect poor heart function or hypertrophy in male BALB/c mice (n=18- Figure 13B ).
Testosterone, But Not Estradiol, Increased Serum sST2 Levels in Mice With Myocarditis
To determine whether testosterone could be responsible for the increased serum sST2 levels found in men and male mice with myocarditis, we compared gonadectomized (Gdx-Con) to sham operated (Sham-Con) or gonadectomized male BALB/c mice that received testosterone supplementation (Gdx-Te). Gonadectomy (Gdx-Con) resulted in significantly reduced myocardial inflammation compared with sham-operated males (Sham-Con) (P=0.02) ( Figure 15A and 15B). Myocarditis was restored with testosterone supplementation (Gdx-Te versus Gdx-Con) (P=0.03) ( Figure 15A and 15B). Sera testosterone levels were within the normal range for sham-operated mice (Sham-Con, %10 ng/mL) and were significantly reduced by gonadectomy (Gdx-Con) (P<0.0001) ( Figure 15C ). Figure 9 . Sera sST2 associated with NYHA class III-IV heart failure in patients with clinically suspected myocarditis. A, Soluble ST2 (sST2) levels in men and women (M&W) combined with clinically suspected myocarditis based on New York Heart Association (NYHA) class. Data are shown as jitter scatter plots, and meanAESEM (n) and P value calculated after adjusting for multiple sites using linear regression analysis. B, Sera sST2 levels based on NYHA class according to sex. Data are shown as jitter scatter plots and meanAESEM and P values determined after adjusting for multiple sites using linear regression analysis. Two-way ANOVA P values indicate interaction between NYHA and sex (P=0.61), NYHA and sST2 (P=0.04) and sex and sST2 (P=0.0003). Comparisons between NYHA class I-IV in (C) M&W combined, (D) women, or (E) men. C through E, P values calculated using 2-tailed Pearson correlation and adjusted for multiple sites using linear regression analysis.
Testosterone replacement of gonadectomized mice restored sera testosterone levels to sham-operated control levels (GdxTe versus Gdx-Con, P=0.0002) ( Figure 15C ). Gonadectomy (Gdx-Con) significantly reduced sera sST2 levels compared with sham-operated mice (Sham-Con) (P=0.02) ( Figure 15D ). Testosterone replacement in gonadectomized mice significantly increased sST2 levels compared with gonadectomized mice (Gdx-Te versus Gdx-Con, P<0.0001) ( Figure 15D ). In contrast, testosterone supplementation did not increase sST2 levels in the heart of male mice with myocarditis that had undergone gonadectomy (Gdx-Te versus Gdx-Con, P=0.87) (Figure 16 ). To determine whether estrogen alters sera sST2 levels during myocarditis, we performed ovariectomy on female mice with or without estradiol replacement. Ovariectomy significantly increased myocardial inflammation compared with sham-operated females (Ovx+Con versus Sham+Con, P=0.001) (Figure 17A and 17C) . Estradiol supplementation reduced myocardial inflammation back to sham-control levels (Ovx+E2 versus Ovx+Con, P=0.03) (ANOVA P=0.002) (Figure 17A and 17C) . Evidence that the ovariectomy procedure was successful was demonstrated by a significant reduction in uterine horn weight in ovariectomized mice (Ovx+Con versus Sham+Con, P=0.0002). Uterine horn weight was restored with estradiol supplementation (Ovx+E2 versus Ovx+Con, P=4910 À7 ) (ANOVA P=0.007) ( Figure 17A and 17D ). Ovariectomy had no significant effect on sera sST2 levels compared with sham-operated mice (Ovx+Con versus Sham+Con, P=0.99) or with estradiol supplementation (Ovx+E2 versus Ovx+Con, P=0.34) (ANOVA P=0.32) ( Figure 17E ).
IL-1b Administration Increased and Correlated With Serum sST2 Levels in Male Mice During Myocarditis
sST2 is induced by biomechanical strain in cardiac fibroblasts, cardiomyocytes, and vascular endothelial cells, 9 and its expression is increased in cardiac myocytes by IL-1b because of the ST2 promotor being responsive to IL-1b. 16 We found here that recombinant IL-1b administration in male mice significantly increased circulating levels of sST2 during myocarditis (P<0.001) (Figure 18 ). We hypothesized that Figure 10 . Sera sST2 associated with NYHA class III-IV heart failure in men with biopsy-confirmed myocarditis. A, Soluble ST2 (sST2) levels in men and women (M&W) combined with biopsy-confirmed myocarditis based on New York Heart Association (NYHA) class. Data are shown as jitter scatter plots, and meanAESEM (n) and P value determined after adjusting for multiple sites using linear regression analysis. B, Sera sST2 levels based on NYHA class according to sex. Data are shown as jitter scatter plots, and meanAESEM and P values calculated after adjusting for multiple sites using linear regression analysis. Two-way ANOVA P values indicate interaction between NYHA and sex (P=0.61), NYHA and sST2 (P=0.04), and sex and sST2 (P=0.0003). Comparisons between NYHA class I-IV in (C) M&W combined, (D) women, or (E) men. C through E, P values were calculated using 2-tailed Pearson correlation and adjusted for multiple sites using linear regression analysis.
cardiac inflammation that releases IL-1b may lead to elevated sera sST2 levels. 8 We found that sera sST2 correlated with cardiac IL-1b levels in BALB/c mice during myocarditis at day 10 postinfection (r=0.4421, P=0.03) ( Figure 19) ; however, this does not distinguish whether IL-1b originates from cardiac tissue or immune cells. New York Heart Association (NYHA) class and soluble ST2 (sST2) levels in patients with clinically suspected myocarditis (n) (A through C) ≤50 or (D through F) >50 y old were examined in men and women (M&W) combined (A and D), women (B and E), or men (C and F). P values determined using 2-tailed Pearson correlation and adjusted for multiple sites using linear regression analysis.
Discussion
Sera sST2 has emerged as a new biomarker that may be used to improve management of heart failure patients beyond the diagnostic value of natriuretic peptides. 9, 32 In particular, sera sST2 has been found to be a powerful predictor of mortality. 10, 12, 33, 34 Historically sST2 has not been considered a diagnostic marker for heart failure, even though its levels were significantly higher in heart failure patients compared with controls, because it is not specific to heart failure but also rises with infection and in autoimmune diseases. 9, 34 In this study we found that sera sST2 levels were higher in men and women with clinically suspected myocarditis and biopsyconfirmed myocarditis compared with healthy individuals who did not have cardiovascular disease. Similar to the results of other heart failure studies, 13 the current study revealed that elevated sST2 levels were associated with worse heart failure symptoms in patients with myocarditis based on NYHA class, but uniquely, the association occurred in men but not women. In contrast to NYHA class, LVEF ≤45% has been found to only weakly correlate with elevated sST2, 13 a finding similarly observed in this study. The findings of this study suggest that myocarditis should be added to the growing list of cardiovascular diseases where circulating sST2 levels may provide clinically relevant information about the risk of death from heart failure.
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The US Food and Drug Administration-approved Critical Diagnostics sST2 ELISA kit provides diagnostic information on the risk of death from heart failure for circulating sST2 levels >35 ng/mL, but does not describe whether sex differences in sera sST2 exist for various forms of heart failure. 35 The
Critical Diagnostics kit was not available when the study began, so the R&D Systems kit was used at all sites for consistency. Comparison of the R&D Systems and Critical Diagnostics kits found a 2.488-fold difference between the kits. Thus, women with myocarditis in this study had an estimated sST2 value of 35.2 ng/mL, which is a borderline risk for death, while men with myocarditis had an estimated sST2 value of 51.53 ng/mL, indicating an increased risk of death based on extrapolation of our values to estimated Critical Diagnostics kit values. Further investigation as to whether sex differences exist in circulating sST2 levels for other cardiovascular diseases is warranted. Figure 13 . Sera sST2 increased in male mice with myocarditis and correlates with worse heart function and size. A, Soluble ST2 (sST2) levels in the sera of male and female mice with myocarditis determined by ELISA (n=10/group). Data are shown as meanAESEM (n) and P value determined using 2-way Student t test. B, Correlation between sST2 levels and cardiac functional parameters in male mice with myocarditis (n=18-27). Experiments were repeated 2 to 4 times. P values calculated using a 2-tailed Pearson correlation. EF indicates ejection fraction; FS, fractional shortening; IVSD, interventricular septal dimension; LV, left ventricular; LVEDD, LV end diastolic dimension; LVESD, LV end systolic dimension. Figure 14 . Sera sST2 levels correlate with myocardial inflammation in male BALB/c mice with CVB3 myocarditis. P value determined using 2-tailed Pearson's correlation (n=38). CVB3 indicates coxsackievirus B3; sST2, soluble ST2.
Two studies have reported that sST2 levels are increased in men compared with women with heart failure. 36, 37 Myocarditis has been reported to occur most often in young men. 38, 39 We are the first to report that elevated sST2 levels in patients with myocarditis correlate with symptoms of heart failure based on NYHA class, but only in men ≤50 years old. Dieplinger et al reported that sST2 was not associated with circulating sex hormones in men or women with heart failure. 40 In contrast, we found that testosterone significantly increased sera sST2 levels in male mice with myocarditis ( Figure 15 ), but estradiol did not significantly alter sST2 levels in females with myocarditis ( Figure 17 ). These findings suggest that increased sST2 in men could be because of, at least in part, testosterone. In a well-characterized, community-based cohort of subjects without cardiovascular disease from the Framingham Heart Study (n=1136), sera sST2 levels were found to be significantly elevated in healthy men compared with healthy women. 41 In another study of 528 healthy men and women, sST2 was found to be significantly elevated in men compared with women. 40 The current study also found that sera sST2 levels were significantly elevated in healthy men compared with healthy women without cardiovascular disease. The sex differences in sera sST2 levels observed in this study may also be explained by the central role cardiac inflammation plays in the pathogenesis of acute and chronic heart failure in myocarditis and inflammatory DCM. 7, 8, 20, 42, 43 Activation of the ST2 receptor by IL-33 on innate immune cells such as macrophages and mast cells has been shown to be able to drive T helper (Th)1, Th2, and Th17-type immune responses. 15, 17, 18 Th1-and Th17-associated cytokines increase acute inflammation while Th2-and Th17-associated cytokines promote remodeling and fibrosis, all of which is known to influence the severity and progression of myocarditis/acute DCM in patients and mouse models. 20, 31, 42, signaling via the ST2 receptor increases inflammation in a number of animal models of auto/inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease, and asthma. 15, 17, 18 We previously showed that treatment of male mice with recombinant IL-33 during initiation of myocarditis significantly increased myocardial and pericardial inflammation, resulting in eosinophilic myocarditis. 31 IL-33 has been found to increase CD11b expression on immune cells in both humans and mice. 15, 45, 46 We previously reported that the primary effect of testosterone in male mice with myocarditis was elevation of CD11b+TLR4+IL-1b+ immune cells. 7, 8, 20 Importantly, CD11b expression is also significantly elevated in biopsies from men compared with women with myocarditis. 20 Figure 17. Estradiol decreases myocarditis but has no significant effect on sera soluble ST2 (sST2) levels in female mice with myocarditis. Female BALB/c mice received a sham operation and a control capsule without estradiol (E2) (Sham+Con), or an ovariectomy (Ovx) and a control capsule (Ovx+Con), or Ovx and E2 replacement (Ovx+E2). A, Representative histology of myocarditis at day 10 postinfection (magnification 964). B, Representative photographs of uterine horns. C, Myocarditis assessed as the % inflammation in histology sections. D, Uterine horn weights. E, Sera sST2 levels were assessed using ELISA. C through E, Data show meanAESEM and are representative of 3 separate experiments (n=8-9/group) a is significantly different from b with P<0.05. P values determined using 1-way ANOVA with Tukey's multiple comparisons test. ANOVA (C) myocarditis P=0.002, (D) uterine horn weight P<0.0001, (E) sST2 heart P=0.32, individual comparisons not significant.
In animal models, sST2 has been found to be released predominantly from CD11b+ and CD4+ immune cells, 15 Previously we reported that CD11b, TLR4, caspase-1, and IL-1b are increased by testosterone in male mice with myocarditis. 7, 8, 20, 42 TLR4 mRNA expression has been found to be higher in patients with myocarditis than controls and to correlate with viral RNA levels in the heart. 47 Satoh et al showed that myocarditis patients with active viral replication had higher levels of TLR4, which were associated with lower systolic function. 47 We have previously shown that TLR4 and its downstream cytokines IL-1b and IL-18 are elevated in the heart of male but not female mice with CVB3 myocarditis. 48 IL-1b and IL-18 have been shown to play a role in clinical and mouse models of myocarditis by inducing myocyte hypertrophy, contractile dysfunction, myocyte apoptosis, and by contributing to extracellular matrix remodeling, a step critical in the progression from myocarditis to DCM and chronic heart failure. 49 Previous studies have shown that circulating IL-1b levels correlate with NYHA classification and predict mortality in heart failure patients. 50 A long-term study of patients with myocarditis revealed that inflammation defined by immunoperoxidase-based criteria on endomyocardial biopsies was the best predictor of death or heart transplantation following acute myocarditis. 51 Bartunek et al found that ST2
production did not correlate with wall stress but rather that endothelial cells and/or inflammation contributed to the release of sST2. 52 These authors further showed that IL-1b induced sST2 secretion from human venous and arterial endothelial cells and suggested that the distinct ability of sST2 to predict heart failure aside from BNP, which is released by stress, indicates that inflammation may contribute to elevated sST2 levels in heart failure patients. 52 Similarly, we found that sera sST2 levels correlated with cardiac inflammation in mice with myocarditis ( Figure 14) . Additionally, cardiac IL-1b levels correlated with sera sST2 levels (Figure 19) , and recombinant IL-1b administration during the initiation of myocarditis increased circulating sST2 levels in male mice (Figure 18 ), suggesting that IL-1b + cardiac inflammation may contribute to elevated sera sST2 levels in males. This theory will need to be confirmed in future animal experiments and human studies. Limitations of this study include a small sample size, particularly for women with myocarditis. The number of patients >50 years old is also relatively small. Menopause status was not obtained. Future studies should include higher numbers of subjects >50 years of age in order to determine whether sST2 is increased in older myocarditis patients, particularly postmenopausal women. Age 50 years was used as a cut-off to assess the effect of aging on both men and women, but it remains unclear whether this is the best age cut-off to use to assess the effects of aging in patients with myocarditis. Another limitation of the study is that the various sites had different study populations, which likely increased the variability in sST2 levels. However, we found that men with myocarditis had significantly higher sST2 levels than women at each study site (data not shown), and linear regression analysis revealed that sex differences dominated over site-specific differences in sST2 variability. Examining sST2 at different sites provides information on the variability of sST2 as a biomarker of heart failure from patients with myocarditis in different regions of the world. Another potential limitation is that only baseline levels of sST2 were analyzed in this study. Baseline sST2 levels are able to predict outcome in acute and chronic heart failure patients, but serial measurements have been shown to be of even greater value. 53, 54 Serial measures of sST2 are better at predicting long-term Figure 18 . IL-1b administration increases sera soluble ST2 (sST2) levels during myocarditis in BALB/c mice. Data show meanAESEM of n=10/group, ***P<0.001. P value determined using a 2-way Student t test. Figure 19 . Cardiac IL-1b levels correlate with sera soluble ST2 (sST2) levels during myocarditis in BALB/c mice. P value calculated using a 2-tailed Pearson's correlation (n=20).
prognosis than natriuretic peptides because sST2 has been found to significantly decrease from admission to discharge. 9 Future studies should examine whether serial measurements of sST2 improve prediction of sudden death and/or the need for transplantation in patients with myocarditis with a LVEF <45%, similar to other forms of heart failure, and whether prediction differs by sex.
In conclusion, in this study of well-characterized patients with myocarditis, we show that sST2 levels were elevated in men with myocarditis compared with women and that sST2 correlated with NYHA class in men with myocarditis, but only in men ≤50 years old. These findings highlight the importance of analyzing inflammatory biomarkers like sST2 according to sex and age. Biomarkers that predict increased risk of heart failure in women with myocarditis are needed. 
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